Experiments were performed with four FFVs using a 10% ethanol fuel (E10) with 88 pump octane, and a market gasoline blended with ethanol to make a 30% by volume ethanol fuel (E30) with 94 pump octane. The research octane numbers were 92.4 for the E10 fuel and 100.7 for the E30 fuel. Two vehicles had gasoline direct injected (GDI) engines, and two featured port fuel injection (PFI) . Significant wide open throttle (WOT) performance improvements were measured for three of the four FFVs, with one vehicle showing no change. Additionally, a conventional (non-FFV) vehicle with a small turbocharged directinjected engine was tested with a regular grade of gasoline with no ethanol (E0) and a splash blend of this same fuel with 15% ethanol by volume (E15). RON was increased from 90.7 for the E0 to 97.8 for the E15 blend. Significant wide open throttle and thermal efficiency performance improvement was measured for this vehicle, which achieved near volumetric fuel economy parity on the aggressive US06 drive cycle, demonstrating the potential for improved fuel economy in forthcoming downsized, downsped engines with high-octane fuels.
BACKGROUND AND INTRODUCTION
The Energy Independence and Security Act of 2007 * requires significant increases in the nation's use of renewable fuels to meet its transportation energy needs. The law established a renewable fuel standard (RFS) that requires the nation to use 36 billion gallons of renewable fuel per year in its vehicles by 2022. Ethanol is the most widely used renewable fuel in the United States, and most of it is blended with gasoline to create E10-gasoline with up to 10% ethanol. In 2010 and 2011 the EPA approved the use of E15 in 2001 and newer light-duty vehicles †, ‡ however as of May 2014 less than 100 fuel stations were selling E15.
§ Although ethanol consumption has exceed 13 billion gallons per year (Bgpy) for the past several years, the path toward RFS compliance is not clear because a "blend wall" is encountered with E10 and E15, and "E85" consumption remains limited (<1% of ethanol consumption).
Concurrent with RFS requirements for renewable fuel consumption, CO 2 emissions from vehicles are required to decrease with dramatic increases in fuel economy. Vehicle manufacturers are pursuing a wide range of technologies to reduce CO 2 emissions, including engine technologies such as downsized and downsped turbocharged engines which could benefit from improved anti-knock properties of fuel.
Recently published data **, † †, ‡ ‡, § § highlight the potential fuel economy benefits of high-octane fuels that take advantage of ethanol's properties in a mid-level blend. A "Renewable Super Premium" (RSP) study has been underway since 2014 under the auspices of the Bioenergy Technologies Office at DOE. A team of national laboratories (ORNL, NREL, and ANL) are investigating the potential benefits of a fuel with 25-40 vol% ethanol to raise octane and enable improved fuel economy and decreased GHG emissions. With 5% to 10% thermal efficiency improvement feasible, volumetric fuel economy parity can be realized with these blends. This parity is defined as the future vehicle with a downsized, turbocharged direct-injection engine fueled with a high-octane mid-level ethanol blend achieving the same "tank mileage" as a conventional vehicle with today's E10, despite the high-octane blend having 5 to 10% lower energy density.
One attractive prospect of such a fuel is that it could be used legally in more than 17 million FFVs on the road today. Thus, the current FFV fleet might serve as a bridge by providing a near-term market for the fuel, making it widely available such that future vehicles optimized for the new high-octane fuel can realize improved efficiency. blender pumps offer a range of fuels today, often including E30. Marketing a fuel such as high-octane E30 as "Renewable Super Premium for your FFV" could help grow the infrastructure, provided the fuel is priced and marketed effectively. EPA's Tier 3 rule * contains language that allows manufacturers to request approval for an alternative certification fuel such as a high-octane E30. Before vehicles requiring this fuel can be offered for sale, the fuel needs to be widely available (much like unleaded gasoline was available in 1975 before vehicles requiring it were sold, or similarly the way that ultra-low sulfur diesel fuel was available in 2006 prior to the sale of 2007 diesel engines that required it). Over 17 million FFVs on the road today can legally use such a fuel, but consumers need some incentive to purchase the fuel.
This report describes experiments on five vehicles. The experiments and results showing the effects and performance benefits of high-octane E30 fuel on four FFVs are described in Sections 2 and 3. Section 4 covers analogous experiments, but using different fuels, with a non-flex fuel vehicle powered by a small turbocharged DI engine. For this latter vehicle the allowable ethanol fuel content is limited to 15%. A brief summary with conclusions is given in Section 5, and future work is discussed briefly in Section 6. * Federal Register, Vol. 79(81) , Monday, April 28,2014, Rules and Regulations (Tier 3 Emissions and Fuel Standards) . Table 2 .1 were selected. All of the selected FFV engines were normally-aspirated. While turbocharged engines would no doubt take greater advantage of the increased ethanol and octane, the sales numbers of this engine technology in flex-fuel vehicles are still quite small compared to the legacy fleet. Two FFVs feature engines with GDI, and two feature PFI. Even without turbocharging, there is an expectation that GDI engines can take more advantage from ethanol compared to PFI, particularly due to increased charge cooling effect from ethanol's higher HoV. 
EXPERIMENTAL DESIGN AND APPROACH

FLEX FUEL VEHICLES
VEHICLE LABORATORY
Vehicle testing was performed at ORNL's Fuels, Engines, and Emission Research Center (FEERC). The vehicle research laboratory features a Burke E. Porter 300 hp motor-in-the-middle, two-wheel drive, 48 inch, single roll AC motoring chassis dynamometer. Gaseous vehicle emissions are measured with conventional gas analyzers from California Analytical Instruments. The tunnel bench samples dilute exhaust from a constant volume sampling system (CVS, or dilution tunnel) and the CVS bag sampler is equipped with conventional non-dispersive infrared gas analyzers for CO and CO 2 ; chemilumenescence analyzer for NOx; and a flame ionization detector (FID) with a methane cutter measures total hydrocarbons and CH 4 . Fuel economy and emission levels are calculated from the integrated emissions sampled from the CVS dilution tunnel, using the carbon mass balance method specified by EPA and Code of Federal Regulations guidelines. In addition, an Emerson Micro Motion CMF010M, Coriolis-effect type flow and density meter measures instantaneous and cumulative fuel consumption.
VEHICLE INSTRUMENTATION
All test vehicles were pre-owned and rented from a local dealer. No significant modifications were made to the vehicles for instrumentation. The important vehicle instrumentation included:
1. Thermocouple placed in the oil sump via the oil dipstick tube. Vehicle oil temperature was used as an indicator that the vehicle was in virtually the same thermal state at the beginning of each repeat test. 2. Controller-Area Network (CAN) tool connected to the OBD port for recording relevant engine data such as spark timing, rpm, and coolant temperature 3. Ambient test cell temperature measured between the vehicle cooling fan and the vehicle front grille, and 4. Coriolis mass flow meter installed for direct fuel consumption measurement 5. Vehicle exhaust connected to a full-flow, constant volume dilution tunnel with critical flow venturis for emissions measurement.
FLEX-FUEL VEHICLE TEST SEQUENCE AND FUELS
A consistent and repeatable test sequence was chosen to minimize variation in the vehicle state (thermal state of the test cell, powertrain, and tires), and to be sure all vehicles were evaluated with the same methodology. The protocol for a test day was as follows:
1. Cold city test also known as the (cold) A Minimum of 2 days of test cycles was performed for each fuel (2 FTP and 2 HFET cycles and 4 WOT tests for each fuel). In some cases, some additional tests or a full additional day of testing was performed.
The FTP is performed after a "cold-soak" of 12 to 36 hours; a cold soak simply meaning the car sits at test cell temperature (68 to 86°F, nominally 77°F) to be in the "cold" state. Note that the HFET is run twice in succession (with 15 seconds of idle in between which is not part of the reduced data); the first test is a preparatory cycle and only the second cycle data is used for calculating emissions and fuel economy.
A rigorous fuel learning test sequence was used for each change of fuel to enable adequate adaption. The adaptation protocol included 5 minutes at 50 mph, an LA4 * cycle, an LA92 † cycle, and two US06 ‡ cycles. This fuel learning procedure was usually performed the afternoon before the first FTP (leaving ~ 16 hours cold-soak until the FTP).
Properties of the two fuels used for the FFV experiments are shown in Table 2 .2. The E10 was a CARB LEV III certification gasoline provided by Haltermann. Corrigan Oil provided the E30 fuel by splash blending ethanol with a market gasoline. Fuel analyses were provided by Johann Haltermann Ltd. and Southwest Research Institute. Note that the Haltermann CARB fuel has a higher energy density than a typical E10 fuel; had these two ethanol blends been produced from the same blendstock, the energy density ratio would be closer to 93%, rather than 90.6% as shown in the last row of the table. The WOT experiment sequence is described by the list that follows, and the speed versus time trace is shown in Fig. 2 Figure 2 .1, starting with step 2 (figure does not include the pre-test cycle warming of the vehicle engine oil to 200°F). 
FFV EXPERIMENTAL RESULTS
The primary objective was to obtain WOT acceleration rates for E10 and E30. Consistent acceleration comparisons can be made from measuring the time required to accelerate from a selected lower speed until attaining a selected high speed during WOT. While the automotive press commonly reports 0-60 mph time or ¼ mile time, consistent vehicle launch is critical to achieving valid comparisons. To minimize launch effects on the vehicle dynamometer, a starting point of 15 mph was chosen as a lower speed to eliminate the driver "tip-in" (initial pressing of accelerator to maximum) portion of each acceleration event. More discussion is included later.
EFFECT OF AIR DENSITY AND OXYGEN CONTENT ON MAXIMUM POWER
The acceleration of a conventional SI powertrain vehicle under WOT conditions is limited by the powertrain module controls (e.g., spark timing, stoichiometry, transmission control) and by the density and oxygen content of the air coming into the engine intake. It was assumed that the vehicle was at fuel-rich or stoichiometric conditions during the WOT acceleration, and particularly during the 15 to 80 mph phase. These fuel-rich conditions can be seen in Fig. 3 .1 for a WOT event with the GMC Sierra. For a given fuel, with all other things being equal, the instantaneous power during the WOT event is affected by the amount of air and oxygen that is being inducted into the cylinders.
It can be noted that measured lambda is >1.0 during the idle portion in the figure. The engine is not running lean, rather this lambda value is an artifact of the instrumentation setup. To minimize vehicle modifications, the lambda meter was installed near the dilution tunnel in the transfer line from the vehicle, rather than in the vehicle exhaust system. The dilution tunnel was set at a very high flowrate as a precaution to prevent high tunnel temperatures for the WOT tests. Under this high flow condition, at very low exhaust flow rates, such as idle, small air leaks into the exhaust can lead to a large error in lambda. Note that during the cruise portion of the WOT test that the lambda is 1.0 as expected.
All reasonable attempts were made to keep conditions consistent from test-to-test, including cell temperature, engine oil temperature (which correlates with engine coolant temperature) and even soak time between experiments. The repeat of the warm up driving period to obtain 200°F oil temperature and the steady cruise portions of the WOT test ( Fig. 2.1 ), resulted in each WOT sequence being very similar to all others. However, small variations in the air humidity and the absolute air pressure in the test cell were unavoidable and did occur.
The ambient test cell air temperature was measured at the discharge side of the vehicle cooling fan (Figure 3 .2), which blows air directly into the front of the test vehicle with wind speeds matching wheel speed. This air is of course subsequently inducted by the engine intake. Also measured and recorded were the pressure and humidity of the test cell air. These measurements can be used to calculate the wet air density and dry air density. The dry air density variation from test to test is assumed to be proportional to a subsequent variation of oxygen being drawn into the engine. The engine generally operates fuel-enriched at WOT conditions, as shown in Fig. 3 .1 for the GMC Sierra, and therefore oxygen intake will determine how much fuel is burned and how much power is produced. While this assumption may be a simplification, results will show clearly that performance correlates to the dry air density. Partial pressure of oxygen in the combustion chamber is affected by the temperature and humidity, as discussed, as well as volumetric efficiency of the engine. The HoV of the fuel can impact volumetric efficiency due to cooling of the intake air. The extent of this phenomenon depends on many factors, among them the injection strategy, such as whether the port fuel injection occurs on a closed or open intake valve. In the case of the DI engines, it is not known how much fuel is injected during the intake stroke versus after the intake valve is closed. The HoV can help improve the volumetric efficiency, or suppress knock by cooling the intake charge, or both. 
WOT PERFORMANCE RESULTS FOR FLEX FUEL VEHICLES.
The WOT performance was determined by evaluating the acceleration time from a speed of 15 mph to 80 mph. A professional driver was used for all tests. The WOT condition was produced by starting from a stopped condition (with the vehicle in drive) and then "tipping-in" the accelerator pedal relatively quickly to full position, but with care to minimize wheel spin relative to the dynamometer roller. A starting point of 15 mph for data analysis was used to ensure that wheel slip or any differences in the driver "tip-in" to full pedal position did not impact the measurement. Data analysis confirmed that the WOT condition was reached before 15 mph in all cases.
GDI Vehicles
Two of the vehicles included in this effort feature naturally-aspirated engines with direct fuel injection. More benefit from charge cooling is expected for GDI compared to PFI.
2014 GMC Sierra
Performance improvement for the GMC Sierra WOT acceleration with the higher octane E30 fuel is clearly shown in Fig 3. 3. The improvement in 15-80 mph time is about 0.38 seconds for comparable points (values above 1.122 g/liter air density in the plot) or about 3.0%. It is seen from Fig. 3 .4 that spark timing is advanced 1 or 2 crank angle degrees for part of the WOT event for the E30 fuel compared to the E10 tests. These results are consistent with 0-60 and ¼ mile times reported in the press for a similarly equipped Chevrolet Silverado FFV fueled with E10 and E85, * highlighting the non-linear octane-boosting effect of ethanol.
†, ‡ For the GM V6 engine in the Silverado and Sierra, E30 provides a performance boost similar to E85. 
2014 Chevrolet Impala
Performance improvement for the Chevrolet Impala WOT acceleration for E30 versus E10 fuel is shown in Fig 3. 5. The improvement in 15-80 mph acceleration time is about 0.2 to 0.3 seconds for an average of roughly a 2.5% improvement. It is seen from Fig. 3 .6 that spark timing is advanced roughly 2 crank angle degrees for the majority of the WOT event for the E30 fuel compared to the E10 tests. Only one test with each fuel is shown in the Fig. 3 .6 due to problems in obtaining the CAN data (including spark timing) on some experiments. 
PFI Vehicles
The Chrysler and Ford test vehicles were equipped with port-fuel injection.
2013 Dodge Caravan
The improvement in 15-80 mph acceleration time for the Caravan using E30 fuel is shown in Figure  3 .7. Despite some variation in test conditions, when comparing comparable ambient conditions the E30 WOTs are about 0.20 second faster than the E10 WOT events. This translates into about a 1.7% improvement in 15-80 mph acceleration time. A small advance in spark timing is seen during part of the WOT acceleration for the E30 fuel compared to E10, as shown in Figure 3 .8. 
2013 Ford F150
The F150 FFV did not exhibit any consistent improvement in WOT performance by fueling with E30. The data shown in Fig. 3 .9 shows little difference in the results for the two fuels. Similarly, there was little evidence of any difference in spark timing between the fuels as seen in Fig. 3 .10. With this set of experiments it cannot be definitively determined whether the E30 failed to offer any anti-knock benefits at the engine operating condition, or whether the engine controller was unable to adjust to benefit from better anti-knock fuel. 
FFV FUEL ECONOMY RESULTS
Comparing the E10 fuel to the E30, an expected fuel economy drop of about 9.5% would be anticipated based on volumetric heating values of the fuels (see Table 2 .2). Considering the four vehicles as a whole, the fuel economy penalty for E30 vs. E10 was about 8 to 9%. The measured fuel economy for each individual test is included in tables presented in the Appendix. The mpg results are given in Figure 3 .11, representing the averaged results for each fuel (in most cases this is the average of 2 tests) based on fuel use measured by a Coriolis mass flow meter. Fuel economy was also calculated by the full flow dilution method and carbon mass balance (CMB). Results from CMB and the Coriolis meter are generally within 1%. The modest thermal efficiency improvement with E30 versus E10 indicates that these vehicles experience little to no knock-limited operation on these two certification cycles. 
FFV EMISSIONS RESULTS
All four vehicles meet the relevant emission standards (one individual FTP test was outside of its Tier 2 limit for nonmethane organic gas (NMOG) emissions). Nonmethane organic gas emissions were not directly measured, but were estimated from nonmethane hydrocarbon (NMHC) emissions using a method developed during the DOE Intermediate Ethanol Blends Catalyst Durability Program, * † which was subsequently adopted by EPA under the Tier 3 rule. ‡ As adopted by EPA, the method is only approved for use with blends of up to E25. Given the very linear nature of the relationship, and the fact that this was not an emissions test program, the method was applied here for the E30 blends. No fuel effect trends were observed. Data scatter was noted, which would be expected due to the low levels of emissions (small values 
2014 FORD FIESTA ECOBOOST EXPERIMENTS
A 2014 Ford Fiesta SFE equipped with the 1.0 liter, 3-cylinder turbocharged, direct-injection engine was acquired (14,200 mi. odometer reading). The Fiesta is not an FFV, but it is warranted to use E15, and the owner's manual notes that while regular 87 octane fuel is recommended, the use of premium fuel will provide improved performance and is recommended for severe duty usage. *
TEST SEQUENCE AND FUELS
Instrumentation for the Fiesta was the same as for the FFV vehicles (see sections 2.3 and 2.4). The high-load, high speed US06 cycle was added as an additional test for this vehicle. Like the highway test, the US06 is conducted as a "double" test in which the cycle is run twice in succession (with 90 seconds of idle in between), the first test and the idle portion make up the preparatory cycle; only the second US06 cycle results are used for calculating emissions and fuel economy. Because the Fiesta is equipped with a manual transmission, the WOT test was executed in a different manner than that for the FFVs; the WOT protocol is described later.
Fuel properties are given in In addition to 4 days of the test cycles listed above being performed (2 each with a given fuel), an additional FTP, HFET and US06 was performed with each fuel resulting in triplicate results for the drive cycle tests.
WIDE OPEN THROTTLE EXPERIMENTS
The experimental protocol for the Fiesta was similar to that used for the FFV vehicles, with the following exceptions 1) Four WOT acceleration events were performed in each test in the manner shown in Fig 4. 1 2) Due to the manual transmission, the driver shifted 2 times before reaching 30 mph and held the accelerator pedal (to the floor) for maximum acceleration while in third gear until reaching ~ 93 mph. Thus a "fixed gear WOT test" was performed from 30 to 90 mph to mitigate wheel slip and eliminate variability in shift times. 
RESULTS
Wide Open Throttle Acceleration
A very obvious improvement in fixed-gear WOT acceleration is seen when E0 results are compared with E15 results; acceleration times from 30 to 90 mph improve by about 1.0 second, as shown in Fig. 4 .2. Spark advance increase is also measured for the E15 fuel as seen in Fig. 4 .3, with a difference of over 5 degrees observed for a segment of the test. 
EPA Test Cycles and Fuel Economy
The results of FTP, HFET and US06 test cycles indicate an improvement in thermal efficiency with the high-octane E15 fuel. Figure 4 .4 gives results in mpg for the test cycles (also see Appendix tables). Figures 4.5 and 4.6 compare E15 fuel economy on a relative basis to E0, to highlight the improved efficiency for high-octane E15, despite the lower heating value. The expected drop in mpg is 5.6% for E15 versus E0 (based on volumetric energy density ratio), but the E15 fuel economy is considerably higher for all tests. (Two separate methods were used to measure fuel economy, one is the dilution tunnel carbon-balance method required by the CFR for EPA cycle testing, and the second method is by a Coriolis mass flowmeter measuring fuel flow into the engine). For the US06 cycle, volumetric fuel economy parity is almost realized with E15, indicating a 4.6% improvement in thermal efficiency. These results are due to the apparent knock-limited operation on the high load US06 cycle (versus the FTP and HFET). High octane fuel enables less spark retard and significantly improved efficiency. These results are consistent with those reported by others with turbocharged, direct-injection engines. * † It is worthwhile to note that the energy density difference between E0 and E15 is very similar to that expected between E10 and E25. It is also important to note that no changes were made to the Fiesta shift schedule. Hardware and software changes to future vehicles using highoctane mid-level blends would be expected to enable greater efficiency gains from downspeeding. Spark timing changes were also evident for the US06 cycle during hard accelerations (where knocklimited behavior would be expected). An example is shown in Fig. 4 .7. 
Emissions
Emissions data were collected for the FTP, HFET and US06 cycles using the standard full-flow dilution tunnel, constant volume sampling bag method. Emission values for all EPA test cycle based experiments are presented in Tables A6, A7 and A8 in the Appendix. With the exception of a few potential noncompliances on NMOG, all emissions were within the required Tier 2 limits for this vehicle, and no notable fuel effects were noted.
SUMMARY AND CONCLUSIONS
Experiments were performed with four normally-aspirated, late-model FFVs using a certification E10 fuel (92.4 RON) and a splash blend E30 (100.7 RON) produced from a retail fuel. Two of the FFVs were equipped with direct-injection engines, and two were equipped with port fuel injection.
• The two GDI FFVs demonstrated performance improvements for E30 compared to E10 of 0.3 to 0.4 seconds, or 2.5 to 3%, based on the 15-80 mph WOT acceleration time.
• The two PFI FFVs yielded mixed results with one vehicle demonstrating a 0.2 second, or 1.7%, performance improvement and another showing no improvement for E30 vs. E10 based on the 15-80 mph WOT acceleration time.
• Fuel economy on the light load FTP and HFET changed largely in proportion to the volumetric heating value of the fuels (within roughly 1-2%), indicating insignificant knock limited operation with the base E10 fuel.
• No notable emissions changes were observed due to switching fuels.
Three of the four tested FFVs showed performance improvement with high-octane E30 compared to regular E10. The performance improvement of the GMC Sierra with E30 is similar to published performance tests with E85. Marketing E25 or E30 to FFV owners as a performance fuel may enable greater ethanol utilization in the near term, and could help establish the refueling infrastructure to enable manufacturers to build dedicated vehicles designed for a high-octane midlevel ethanol blend.
A non-flex fuel vehicle with a small turbocharged GDI engine was tested with an ethanol-free regular grade gasoline and a splash blend of this same fuel with 15% ethanol by volume. RON was increased from 90.7 for the E0 to 97.8 for the E15 blend.
• Significant WOT performance improvement was measured for this vehicle. Using a fixedgear 30 to 90 mph acceleration time metric, a 1.0 second, or 5%, improvement was seen for the E15 fuel.
• Thermal efficiency was improved using the E15 fuel on all test cycles, most significantly on the high-load US06 cycle. The US06 results showed a 4.6% thermal efficiency improvement with only 1% lower miles per gallon using the E15, despite a 5.6% lower energy density. A thermal efficiency improvement of 1-3% was observed on the lighter load FTP and HFET cycles.
For the turbocharged GDI Fiesta vehicle with high-octane E15, the results on the US06 are indicative of what could be achieved with state-of-the-art downsized, downsped engines on the FTP and HFET. This engine technology represents a rapidly growing segment of new vehicle sales, and has significant potential for increased efficiency with high-octane fuels. Achieving within 1% of volumetric fuel economy parity on the US06 with E15 compared to E0 is representative of what could be expected in forthcoming vehicles with high octane E25 in comparison with more conventional vehicles using E10.
RECOMMENDATIONS FOR FUTURE WORK
Follow-on vehicle studies could investigate the benefits of lower incidence of protective enrichment with ethanol blends in FFVs. Many FFVs are trucks and SUVs, and are used in high-load applications such as trailer towing. When engines are put under severe load they often use programmed fuel enrichment to protect the engine and catalyst system, leading to increased emissions and 10-20% lower fuel economy.
* With an ethanol blend there are very likely engine conditions that would require rich operation with 87 AKI E0 or E10, but could maintain the cleaner, more efficient stoichiometric condition with the higher-octane ethanol blend. The fuel economy advantage in this severe duty situation could be significant, despite the lower energy density of the ethanol blend.
A market study could be conducted to gage consumer interest in choosing a high-octane mid-level blend for their FFV, by promoting attributes such as the performance benefits and the fuel economy advantage over E85. 
APPENDIX A. TABULATED EMISSIONS RESULTS
Emissions summary tables are included for all FTP and HFET cycles for all 5 vehicles, and the Fiesta US06 cycles. Note that the third HFET test with the Fiesta using E15 was performed without the dilution tunnel, but the Coriolis meter-based fuel economy is included in the table. These results are provided for completeness; there are no notable observations in the emissions data. Note that the vehicles are designed to use the relevant test fuels in each case. With the exception of a few potential noncompliances for NMOG, all FTP tests appear to meet the applicable Tier 2 emissions standards. 
